respectively. However, an analysis in Ref. [2] concludes that an interpretation of the states as bound states lying below the B ( * )B * threshold is still consistent with the available data on the decays Υ(5S) → Z based on heavy quark spin symmetry [3, 4] In this paper, we will assume that these states are weakly bound molecules of heavy mesons. This is the approach adopted in Refs. [5] [6] [7] . For alternative interpretations of these states as tetraquarks, see Refs. [8] [9] [10] . Ref. [25] uses existence of the X(3872) and arguments based on heavy quark symmetry to argue that molecular states in the bottom sector must exist. Assuming the states are weakly bound molecules means they can be studied using a low energy effective field theory (EFT) that consists of nonrelativistic kinetic terms for the mesons and contact interactions whose coefficients are tuned to produce the bound states with energies close to threshold. A theory of this kind called XEFT has been developed for X(3872), which is thought to be a shallow S-wave bound state of D 0D * 0 +D 0 D * 0 [11] [12] [13] [14] .
The purpose of this paper is to construct the analogous theory for the isovector Z b , Z b , and
bJ states. This theory is similar in structure to the pionless effective theory used for very low energy nuclear physics [15, 16] . It will be used to derive line shapes for the resonances that are valid near the relevant B mesons is much smaller than the pion mass. In two-nucleon scattering, a box diagram with two-pions is suppressed relative to one-pion exchange by Q/Λ N N where Q ∼ p ∼ m π and
, where M N is the nucleon mass, g A is the nucleon axial coupling, and f π is the pion decay constant [17] . Perturbative treatment of pions fails rather badly in two-nucleon systems [18] when p ≥ m π . For pion exchanges between a B * and B ( * ) meson, the expansion parameter is Q/Λ BB , where 1/Λ BB = g 2 M B /(8πf 2 π ). Here M B is the B meson mass and the axial coupling of heavy mesons, g, is between 0.5 and 0.7, which yields 160 MeV ≤ Λ BB ≤ 320 MeV. Since Λ BB ≈ Λ N N we expect that perturbative treatment of pions will fail in the B meson sector for p ∼ m π , but a pionless effective theory should work for p m π .
The Lagrangian we will use to describe low energy B ( * )B( * ) scattering is
Here a and b are SU (2) isospin indices, isospin matrices are normalized as τ
traces are over spin indices which are not explicit, and H a (H a ) is the heavy meson (heavy anti-meson) superfield. In terms of components,
where P a (P a ) and V i a (V i a ) are the pseudoscalar and vectorB (B) mesons, respectively. The transformation properties of the fields under heavy quark spin and other symmetries are given in Ref. [12] . In Eq. (1), the mass M in the kinetic terms is the spin-averaged B meson mass, M = (3M B * + M B )/4 = 5314 MeV. The first three terms are the leading heavy hadron chiral perturbation theory Lagrangian of Refs. [19] [20] [21] , written in the twocomponent notation of Ref. [22] . The next three terms are the Lagrangian for anti-heavy mesons. The kinetic terms must be promoted to leading order to prevent pinch singularities in B ( * )B( * ) scattering, as is conventional in nonrelativistic theory. (1) mediate S-wave scattering in each of these channels and the notation for the coefficients is that the operator with coefficient C IS mediates scattering in the isospin I and spin S = Schannel. In the heavy quark limit scattering should be independent of
Ref. [3] classified possible bound states of B andB mesons and concluded that there should be at least four and maybe six such isotriplet states. The wavefunctions of these states in terms of their S QQ and Suantum numbers are derived in Ref. [4] . , and W b0 ) are expected. We will primarily focus on the former case, then comment on the latter at the end of the paper.
The interpolating fields for these states are given by (we will drop the subscript b in what follows): follows, the generalization to isoscalars is straightforward. It is enlightening to rewrite the contact interactions in terms of these interpolating fields. For the isovector fields these are
where in the last line the interactions are diagonalized by defining the fields W It is straightforward to calculate the T-matrix for B ( * )B( * ) scattering in these channels.
For the W A 2 channel we find
where Σ B * B * (E) is computed from a one loop diagram containing nonrelativistic B * andB * propagators of total energy E and is given by:
The energy E is measured with respect to the BB threshold. The linear divergence in Eq. (6) is cancelled by the coupling constant
so the T-matrix is given by
The T -matrix has a bound state pole at E = 2∆ − γ 2 11 /M for γ 11 > 0. A similar calculation for the W A 1 channel yields
which has a bound state pole at E = ∆ − γ 
For Z
A and Z A states we must solve a coupled channel problem. The T -matrix is given by
where C Z and Σ Z (E) are matrices given by
The cutoff dependence in the T -matrix can be completely cancelled if the coupling C 10 has the same form as C 11 in Eq. (7), i.e., if C 10 = C 10 (Λ) = 2π/(M (−Λ+γ 10 )). For the T -matrix we find
with the components given by
where γ ± = (γ 11 ± γ 10 )/2.
Solving the analogous problem in the W 0 and W 0 channels, we obtain
where 
The pole in the amplitude is at γ γ + or E 2∆ − γ 
These relations between the binding momenta are consequences of heavy quark symmetry.
We can incorporate the effects of decays of these resonances on the line shapes by explicitly violating unitarity. If the decays to other states also respect heavy quark spin symmetry, then we expect that incorporating these decays will just give imaginary components in the couplings of Eq. (1). So we promote C 00 , C 01 , C 10 and C 11 to complex values, which also means γ 00 , γ 01 , γ 10 and γ 11 are complex. For each of them, we can write γ IS = −1/a IS + iΓ IS /2, where a IS is the scattering length and Γ IS is the total width of the bound state in the IS channel. The relations in Eq. (22) will still hold since they are a consequence of heavy quark spin symmetry and now give relationships among their imaginary components,
i.e., the total widths. One prediction
was first derived in Ref. [4] . In addition we also find that
The relation Γ[Z] = Γ[Z ] was first derived in Ref. [3] , while the last equality of Eq. (24) is new. One could derive this result, as well as similar predictions for partial decay rates, from the following decomposition of the wavefunction of the molecular states in terms of their components of definite S QQ ⊗ S[4] :
The molecular states inherit their widths from those of their constituent states with definite S QQ ⊗ S. Since the same constituent state appears in multiple molecules, by restricting to decays which are sensitive only to one choice of S QQ ⊗ S, one can arrive at relations among molecular decays. For S QQ ⊗ S= 1 ⊗ 1, the result is Eq. (23) . To derive the prediction in Eq. (24) , consider the two S z QQ = 0 spin configurations of the two heavy quarks:
IfŜ z Q is the operator that measures the magnetic quantum number of the heavy quark only, then it is clear that
Now let M s,s denote the interpolating fields with S QQ = s and S= s , with all other indices labeling other quantum numbers suppressed for compactness. Then, it follows from the above that
In what follows, h stands for any bottomonium state with allowed quantum numbers and S QQ = 0, and is any allowed configuration of light hadrons. We define | h i = 2S i Q |h , which means h is a bottomonium state with S QQ = 1. Then for the matrix element mediating the transition W 0 → h , we find
Rotational symmetry can be used to extend this result to other values of S z and moreover implies that
Applying the result for h = η b , which means h = Υ, it follows that
A similar analysis can be performed starting with a W 0 instead. We find
This result is valid in the extreme heavy quark limit, in which Υ, η b , Z ( ) and W
( )
J are all degenerate.
1 In reality decay rates will also depend on the available phase space, which can be sensitive to the hyperfine splittings in each of the multiplets. For example, in the decays to single pions calculated below, the rates are multiplied by a prefactor of E 2 π k π or k 3 π and these kinematic prefactors introduce large corrections to Eq. (32) when the splittings between multiplets are not significantly larger than the hyperfine splittings of the multiplets.
For decays to P -wave bottomonia, a similar derivation shows that
in the heavy quark limit. Eqs. (32) and (33) together imply the relationships among total decay rates in Eq. (24) assuming decays to quarkonia dominate the decays of the molecular states.
One can explicitly check the claimed relationships among decay rates by computing the rates to final states with one pion using HHχPT. To obtain these rates, we will add to the
Lagrangian of Eq. (1) the following interactions
The first line above gives the πB ( * ) and πB ( * ) interactions. The next two lines are the interactions of bottomonium states with the B-mesons. Heavy quark spin symmetry groups the S-and P -wave bottomonium states into the multiplets 
Note that the Lagrangian is heavy quark spin symmetric except for the hyperfine splitting terms proportional to ∆, so the symmetry is restored in the limit ∆ = 0. From Eq. (34), one can compute the decay rates using the methods given in Refs. [11] [12] [13] [14] . The decay rates to S-wave bottomonia and a single pion are listed below. We will drop the quantum number n, labeling the radial excitation level, but it is important to keep in mind that the coupling constants g πΥ , g πχ , g Υ and g χ will be different for distinct multiplets. The decay rates to S-wave bottomonia and a single pion are
The decays to P -wave bottomonia and a single pion are
perturbative factors:
Each of these has a prefactor of 1/3 to prevent overcounting when summing over the isospin states A, and an additional prefactor of 1/(2J + 1) for a molecular state with spin J to prevent overcounting when summing over the spin polarization. In the limit of exact heavy quark spin symmetry, using arguments like that given in Eq. (29) For decays to S-wave bottomonium, the two processes appear at the same order in the expansion. If contact interactions dominate, which is obtained when the dimensionless ratio of couplings, λ Υ = gg Υ /g πΥ 1, then the ratios of partial decay rates are predicted to be
where all partial decay rates have been normalized to the rate for Γ[Z → πΥ(3S)]. In the opposite limit,
In computing these ratios, we have assumed For decays to P -wave bottomonium, the processes mediated by contact interactions are suppressed in the power counting. The relative importance of leading order to contact interaction mediated processes is controlled by the dimensionful parameter g πχ /g χ which we expect to be ≈ 1 GeV −1 . In the limit g πχ /g χ = 0 we find
and
The masses used to compute these ratios are m χ b0 (2P ) = 10233 MeV, m χ b1 (2P ) = 10255 MeV, m χ b2 (2P ) = 10269 MeV and m h b(2P ) = 10261 MeV. The first three of these came from the Particle Data Group and the last is computed in Ref. [24] . For g πχ /g χ ≈ 1 GeV −1 these ratios change by only a few percent. For g πχ /g χ ≈ −(300 GeV) −1 , there is a cancellation between contact and leading order diagrams which suppresses the total rates and which leads to modifications of the ratios similar to what was discussed above in the decays to S-wave bottomonium. Again the observation of Z → h b (2P )π disfavors such a suppression of the decay rates. Such a cancellation between leading order and next-to-leading order contributions is also inconsistent with the power counting of the theory.
Throughout this paper, it is assumed that all six isovector molecular states exist and are loosely bound. As stated earlier, it is also possible that binding occurs in the S= 0 channel only so that only the W ( ) 0 and Z ( ) bound states exist. In this case, the treatment of this paper is still applicable. One simply takes the binding momentum γ 11 = 1/a 11 to be small but negative. In this case, resumming both the C 10 and C 11 interactions remains necessary.
There is also the possibility that in these channels there are no shallow bound states or large scattering lengths. In this case, one can keep the summation in both channels as presented in this paper but tune γ 11 so there is no large scattering length. It should also be possible to sum only the strong, binding interaction and give a perturbative treatment to the weaker interaction. The T matrices computed using the latter approach should correspond to a power series expansion of those in this paper. We will save any investigation along these lines for future work.
In this paper we introduced the Lagrangian describing heavy quark spin symmetric Swave contact interactions among observed and hypothesized isovector B meson molecules.
We derive the line shapes of these states in the vicinity of their respective B ( * )B( * ) thresholds, including coupled channel effects where mixture of states is possible. By doing so, we have arrived at relationships among the binding energies and decay rates of the molecular states. Some relationships among the widths of the W ( ) bJ and Z ( ) states derived in this paper appear in Ref. [4] , while the prediction in Eq. (24) is new. A confirmation of these predictions by explicit calculation of partial widths for strong two-body decays to S-and P -wave bottomonia using HHχPT was performed. This allowed us to compute corrections to the earlier predictions which arise from differences in the kinematics between the various processes. Tests of these predictions will aid in interpreting the new states. Future work could include an extension of these results to the isoscalar sector of B meson molecules, a detailed look at radiative decays, as well as a determination of currently unknown parameters λ Υ and g χ /g πχ using the angular distribution of decay products.
